We have fabricated a rechargeable photo-chemical battery using ion-hole conducting AgAsS 2 films. An asymmetrically-electroded Al/AgAsS 2 /SnO 2 yields photocurrents and upon illumination it is concomitantly charged up. When the illumination is stopped, the stack discharges electricity into an external circuit. This photo-charging and discharging phenomenon is attributed to a photo-chemical modification of Ag-ion distribution in amorphous AgAsS 2 .
We have fabricated a rechargeable photo-chemical battery using ion-hole conducting AgAsS 2 films. An asymmetrically-electroded Al/AgAsS 2 /SnO 2 yields photocurrents and upon illumination it is concomitantly charged up. When the illumination is stopped, the stack discharges electricity into an external circuit. This photo-charging and discharging phenomenon is attributed to a photo-chemical modification of Ag-ion distribution in amorphous AgAsS 2 There is a great demand for solar cells in the world, although one of the limitations of a solar cell is that it cannot store the electricity it generates. In many cases, solar-power systems are connected with separate storage batteries to resolve this problem. 1 A solar cell that can simultaneously generate and store electricity in a single device has also been invented. [2] [3] [4] [5] However, in such single devices reported so far, the battery contains liquid electrolytes as a polysulfide solution, 2 which is not suitable for applications where monolithic and all-solid state cells are preferred. Furthermore, in many of these devices, photocells are sensitized by dyes, which may not be stable under prolonged light illumination.
Yoshida et al. have reported an interesting phenomenon, 6 which may be applied to develop a solar-chemical battery. They have found that, in amorphous ion-hole conducting AgAsS 2 films with coplanar Ag electrodes, a persistent voltage appears after nonuniform illumination where only half of the AgAsS 2 area around one side of the Ag electrode was illuminated. They interpreted that this persistent voltage arises from the relaxing motion of Ag ions, when the spatial distribution varies through a photo-chemical modification effect in amorphous materials. 7 However, they did not detect any discharging current, or photo-generated power, because of the high sample resistivity ($10 11 X cm) 8 of amorphous AgAsS 2 and the coplanar electrode structure. In addition, an electric potential change by photodoping of Ag electrodes 9 has not been considered in their analysis. In the present study, we have applied the aforementioned idea to fabricate an all-solid energy-storable solarbattery, or solar-chemical battery. For this purpose, we have considered a cell structure with AgAsS 2 films sandwiched between two asymmetric electrodes of Al and SnO 2 as Al/AgAsS 2 /SnO 2 . This structure possesses a much lower electrical resistance and hence, yields first observation of discharging electrical power in a monolithic thinfilm photocell.
The cell structure, illustrated in the inset of Fig. 1(b) , was prepared as follows: First, AsS 2 and then Ag films $400 and $80 nm in thickness, respectively, were sequentially evaporated onto the so-called NESA glass substrate, which is a transparent Sb-doped SnO 2 film deposited on a silicate glass plate. The sample was then exposed to prolonged illumination, which produced a homogeneous amorphous film with a composition of AgAsS 2 through the photodoping process. 10 The AsS 2 and Ag films with the thickness ratio of 5:1 are known to produce a homogeneous AgAsS 2 film. An Al electrode ($10 nm thick) was evaporated onto this AgAsS 2 film. Finally, for stabilization the sample was annealed at 130 C, just below the glasstransition temperature ($150 C) 11 of AgAsS 2 for 10 min in air. A typical sample resistance was measured to be 10 8 X. In addition, for examining comparative characteristics, samples consisting of an Ag-free AsS 2 film with a thickness of $400 nm and the same electrode structure were prepared. Excitation light was incident upon the bottom NESA side, and an electrometer (Advantest, R8240) with the meter resistances of 10 13 and 10 7 X was used to monitor voltages and currents. We hereafter define, as illustrated in the inset in Fig. 1(b) , a current flow from the bottom NESA glass toward the Al electrode through the external circuit as positive. , and wavelength of 545 nm. The photon energy is 2.3 eV, being comparable to the Tauc optical gap of AgAsS 2 , which is $2.2 eV. 12 The penetration depth of this light is estimated to be $400 nm, which is nearly the same as the film thickness. We see that, before illumination (t < 0), the cell exhibits a nonzero voltage of $250 mV, which appears when an electrolyte is sandwiched in between two electrodes having different ionization potentials. This is probably a type of the so-called voltaic cell effect. 13 Upon illumination, the voltage increases by $100 mV and when the illumination is stopped after 1 min, it decreases to 20-50 mV with a long decay time. condition has been selected so that the numbers of absorbed photons are the same in both of the cells, i.e., the levels of photoelectronic excitation are similar. The wavelength of the excitation light was 439 nm (2.83 eV), which has a penetration depth comparable to the film thickness of $400 nm, and the intensity was adjusted to 20 lW/mm 2 . We observed a photovoltage of $100 mV during the illumination, but no appreciable persistent voltage appeared, which is clearly different from that in the AgAsS 2 cell. Figure 1 (b) compares the time variations of the shortcircuit current J(t) in the two cells. The variation in the AgAsS 2 cell seems to be qualitatively similar to that of the voltage shown in Fig. 1(a) . A photocurrent of $0.6 nA ($100 nA/cm 2 ) flows during the 1 min illumination, which changes to a persistent current, slowly decreasing from $0.4 nA to zero in the dark. Such a decay of J(t) seems to be fit with a stretch exponential function exp[À(t/s) b ], where s % 10 2 s and b % 0.5. The total charge Q ( ¼ $J(t)dt), which flows in the external circuit during (0-1 min) and after the illumination (1 min -1), are $30 and $300 nC, respectively. The cell can be recharged by successive illumination after the discharge. Such charge-discharge cycles can be repeated $10 times, although the discharging capacity gradually reduces to $1/10. In contrast, as shown in Fig. 1(b) , the discharging capacity in the AsS 2 cell is negligibly small ($1 nC), which strongly suggests that the Ag ions are responsible for the photo-charging and discharging behaviors. Figure 2 strongly suggests the total discharging capacity, Q and a quantum efficiency, N e /N ph , as a function of the illumination duration, t ill . Here, N e (¼ Q/e) is the discharging carrier number and N ph is the total number of photons absorbed in the AgAsS 2 cell during the time, t ill . We see that Q increases steeply at t ill 1 sec, which becomes a gradual increase at longer t ill . In correspondence to this behavior, the quantum efficiency exhibits a maximum of $0.1% at t ill ¼ 1 s. The mechanisms of the photo-charging and discharging characteristics can be understood on the basis of the band diagram. Figure 3(a) shows a schematic energy-band diagram of the Al/AgAsS 2 /SnO 2 cell before illumination. It is to be noted that, in order to focus upon the potential change by light illumination, the initial voltage [$250 mV in Fig. 1(a) ] probably arising from the voltaic cell effect is neglected here. In this figure, it is assumed that Sb-doped SnO 2 (NESA glass) is an n þ -type (degenerate) wide-gap semiconductor 14 and amorphous AgAsS 2 is roughly an intrinsic semiconductor having an energy gap of 2.2 eV. 12 On one hand, the band at the SnO 2 /AgAsS 2 interface bends upward, reflecting a higher work function ($5.6 eV) 14 of Sbdoped SnO 2 than that ($5.4 eV) 15 of AgAsS 2 . On the other hand, the band at the AgAsS 2 /Al interface bends downward, due to the fact that the work function of Al is $4.2 eV, 16 which is substantially smaller than that of AgAsS 2 . As it is difficult to estimate an effective carrier number in amorphous AgAsS 2 , the widths of these Schottky barriers are only illustrated as estimates.
In this short-circuit condition, the behavior of the excited charge carriers under illumination can be understood as follows: In Fig. 3(b) , light with photon energies greater than $2.2 eV impinging upon the NESA glass excites the electrons and holes in the AgAsS 2 film. The excited electrons and holes in AgAsS 2 flow toward the Al and SnO 2 electrode, respectively, as indicated by the (blue) e À and (red) h þ arrows, in response to the interfacial electric fields at the Schottky barriers. This rectification behavior causes a net current flow toward the left-hand side, which appears as positive, which is consistent with the observation in Fig. 1(b) . However, it is known that in amorphous AgAsS 2 , holes are more mobile than electrons. 12 Consequently, to satisfy a charge-flow balance, Ag þ ions will move toward the righthand side through a kind of hole-ion interaction. This microscopic view is only speculative at present. Practically, this ion flow may be assisted by electric fields, which can be generated by trapped electrons and holes at the interfaces and/or by the finite internal resistance (10 7 X) of the current meter. The flow makes Ag þ ions denser in the right-hand (Al) side in the AgAsS 2 film. After the illumination is stopped, the ion diffuses toward the left-hand (NESA) side, giving rise to a positive discharging current in the dark. The stretched exponential decay may be connected to this diffusion motion. In fact, applying L $ (Ds) 1/2 for a diffusion motion (L is the diffusion length, D the diffusion constant, and s a typical diffusion time) and using L ¼ 400 nm and s ¼ 10 2 s [ Fig. 1(b) ], we get D ¼ 10 À11 cm 2 /s, which is consistent with the Ag diffusion constant in the AgAsS 2 glass obtained using a tracer diffusion method. 17 Now we discuss the factors which govern the storage capacity of the cell. Figure 2 shows that the storage charge seems to become saturated at $1 lC. Assuming that this charge, which reflects the number of mobile Ag þ ions, is distributed uniformly in the AgAsS 2 film before the illumination, we estimate the ion density to be 10 20 cm
À3
, which is consistent with that ($10 19 cm À3 ) in AgAsS 2 obtained from an electric time-of-flight measurement. 18 This agreement suggests that the density of mobile ions, not the total Ag density, determines the storable capacity.
To understand the behavior of the quantum efficiency, we consider three characteristics. First, Fig. 2 shows that the maximum quantum efficiency of $0.1% ($10
) is obtained at the illumination duration of t ill $1 s, when the absorbed photon number is estimated to be 10 20 cm
. We then envisage that similar numbers of electrons and holes are excited, and the electronic carriers induce the flow of Ag þ ions of 10
). This number reduction of three orders should be attributed to an insufficient electro-ionic interaction. In addition, the electronic leakage current in the dark will necessarily reduce the efficiency, which is inevitable in the present monolithic cell operating at a fixed temperature. Second, the efficiency reduction at a longer exposure duration shown in Fig. 2 may be ascribed to the recombination of excess photo-excited electrons and holes. If the density of mobile ions were higher, longer exposures could be more efficiently utilized. Finally, under the present model, the reduction in efficiency after repeated illumination-discharging cycles can be attributed to a gradually degrading electro-ionic interaction and lowering ion mobility, both of which may arise from some structural changes in AgAsS 2 amorphous networks.
In summary, we have demonstrated electric power generation in the dark using an all-solid solar-chemical battery. The cell employs an amorphous ion-conducting photoconducting film, AgAsS 2 , which is sandwiched in between two asymmetric electrodes as Al/AgAsS 2 /SnO 2 . The electrode structure governs the flow direction of the photoelectric carriers, and the Ag þ ionic charge ($300 nC) can be stored through the photo-chemical modification effect. The maximum quantum efficiency obtained at present ($0.1%) is insufficient for practical use, and further exploration to find new electro-ionic semiconductors is needed. For instance, an electro-ionic semiconductor having dense mobile ions (as Ag or Li), a low electron-hole recombination rate, and high electro-ionic interaction can be a candidate for preparing a more efficient device.
